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I, Dr. Franco Lori, do hereby declare: 

1. I am a named inventor of the above-identified application. A true and correct 
copy of my Curriculum Vitae is attached as Exhibit 1. 



2. We can show 2 HU analogues, both inhibitors of ribonucleotide reductase, that 
behave like HU: trimidox (Sumpter et al. 2004 Antiviral Research 62:111-112) and didox 
(Sumpter et al. 2004 Antiviral Research 62: 111-1 12). 

3. We can show 2 antiviral nucleoside phosphate analogues (other than a 
thymidine or cytidine analogue) that behave like ddl: abacavir, a guanosine analogue 
(Sumpter et al. 2004 Antiviral Research 62:111-112) and PMEA, a adenosine analogue 
(Palmer et al, 1999 Antimicrobial Agents and Chemotherapy 43:2046-2050). 
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CURRICULUM VITAE 
FRANCO LORI, M.D., Ph.D. 

Highlights 

over 20 years of research experience in the field of molecular biology, virology, immunology and 
clinical research, including 

o Antiretroviral therapy 
o Immunomodulators 
o Gene therapy of AIDS 
o Genetic Immunization 
14 years management experience in the biotech industry 

o 4 years Vice-President of Genetic Immunity, LLC 
o 10 years Board of Director & management of RIGHT 

• 13 years experience in HIV drug development 

• 12 years experience in supervising multidisciplinary teams to rapidly and cost effectively proof the 
principle of new drugs and treatment approaches 

• Exceptional ability in synthesizing new research findings and applying the knowledge to drug 
development 

• Experience in investigative pre-clinical and clinical research 

• Experience in regulatory affairs of drugs and biologicals development 

• Widespread network with clinical-, pharmaceutical-, government- and basic researchers in US and 
Europe 

Professional Experience 

Scientific Co-Director and Founder, RIGHT (1994-Present) 

Research Institute for Genetic and Human Therapy (RIGHT), Washington, DC and Pavia, Italy 

• Managing the company business in the USA 

• Strategic planning and supervising of the basic and clinical HIV therapy research 

• Designing, coordinating and co-chairing Phase I/II clinical trials 

• Negotiating the contract and managing the CRO during the clinical trials 

• Investigating primary HIV infection including the Berlin Patient 

• Designing primate experiments for structured treatment interruptions (STI) and supervising scientists 
throughout the projects 

• Managing the in vitro and primate development of DermaVir therapy 

• Supervising immunological assay development for HIV-specific T cell responses 

• Supervising the immunological evaluation of human and primate trials 

• Co-chairing clinical trials with HU and STI in Italy 

• Coordinating the research projects with collaborators 

• Writing and co-author of manuscripts on prevalent findings 

• Presenting results in international meetings 
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• Writing patent applications and supervising TP counsel 

• Overseeing the administrative operations 

• Strategic planning for the allocation of funds 

• Fundraising, including writing, presentations, submitting grant proposals, and coordinating public 
relations 

Vice-President and Founder, Genetic Immunity, LLC (1998-Present) 
Washington, DC (www.geneticimmunity.com) 

• Fundraising 

• Presenting the company to investors 

• Supervising the production of company presentation material 

• Public relations 

• Strategic planning and business development 

• Managing the company business 

• Designing the Product Development Plan for DermaVir 

• Overseeing the pre-clinical toxicity study of DermaVir 

• Participating in the adult and pediatric Phase I/n DermaVir trials with ACTG and PACTG 

• Managing the pre-IND and IND submissions 

• Coordinating the research proj ects with collaborators 

Adjunct Associate Professor of Microbiology & Immunology (1996 - present) 
Georgetown University, Washington, D.C. 

1 st Level Director (1995 - present) 
IRCCS Policlinico S. Matteo, Pavia, Italy 

• Lecturing students and faculty on AIDS therapy 

• Organizing lectures on chemotherapy and gene therapy for educational purposes 

• Supervising Italian facilities of RIGHT 

Visiting Associate (1994) 

Laboratory of Tumor Cell Biology, National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland 

• Pharmacological new approaches to AIDS 

• Molecular Pharmacology 

• Gene Therapy of ADDS 

Adjunct Professor at the School of Medicine (1993) 
University of Verona, Italy 

• Teaching course on genetic approaches to AIDS therapy 

Visiting Fellow, Laboratory of Tumor Cell Biology (1990 - 1993) 

National Cancer Institute, National Institutes of Health, Bethesda, Maryland (USA) 

• Analysis of the early phases of HTV-1 replication 
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• Relationship of HIV- 1 integration status to gene expression 

• Study of genetic determinants of HTV-1 cell tropism 

Guest Researcher, Laboratory of Tumor Cell Biology (1989-1990) 

National Cancer Institute, National Institutes of Health, Bethesda, Maryland (USA) 

• Study of the biochemistry and molecular biology of transcription 

Post-Doctoral Fellow, Institute of Genetics of Council of National Research and Institute of 
Infectious Diseases (1 987-1 988) 

• Analysis of polymerases in human leukemia 

• Gel analysis of HIV- 1 proteins 

Clinical Resident, Institute of Medical Pathology (1983-1986) 
University of Parma, Italy 

• Routine care of patients in Internal Medicine 



Ph.D. (Hematology), July 1986, magna cum laude 
University of Pavia, Italy 

Thesis: Polymerases a and P in Human Leukemia 

M.D., June, 1983, magna cum laude 
University of Parma, Italy 

Volunteer Assistant (1983-1986) 

Institute of Medical Pathology, University of Parma, Italy 

Intern in Medicine (1979-1983) 
University of Parma, Italy 



Education 



Honors and Other Special Recognitions 



2001 
2000 



2003 



2002 



2003 



Member of the International Scientific Committee of the 1 st International Workshop on 
HIV Persistence During Therapy, Saint Martin, French West Indies 
Member of the International Scientific Committee of the International Conference 
"Immune Reconstitution and Control of HIV", Stresa, Italy 

Member of the Review Board for the XIV International AIDS Conference, Barcelona, 
Spain 

Member of the Scientific Advisory Board of the Global Healthcare Organization 
Heroes in Medicine Award from the International Association of Physicians in AIDS 
Care 



Curriculum Vitae: Dr. Lori 



1996 Member of the International Scientific Committee of XI International Conference on 

AIDS 

1 993 Technology Transfer Award from National Institutes of Health 

1990-93 Ministry of Health of Italy, Award for AIDS Research 

1989 International Travel Award, USA-Italy Cooperative Treaty Technology Transfer Award 

from National Cancer Institute • 
1986 Paola Dalla Rosa Fellowship, University of Parma and European, School of Oncology 

1 985 Oreste Battioni Fellowship, Italian Cancer Association 

1 984 Roberto Burlenghi Degree Award, University of Parma 



Recent Invited Presentations to International Conferences 

• IV World Congress on Vaccines and Immunisation, Tokyo, Japan (2004) 

• XV International AIDS Conference, Bangkok, Thailand. (2004) 

• 1 st International Workshop on HTV Persistence during Therapy, Saint Martin, French West Indies 
(2003) 

• IV International Workshop on HIV Eradication, Badalona, Spain. (2003) 

• Spanish Virology Research Meeting, Sevilla, Spain. (2003) 

• Distinguished Faculty in HIV Conference, New York, USA. (2003) 

• HIV DART 2002, Frontiers in Drug Development for Antiretroviral Therapies, Naples, Florida. 
(2002) 

• 2002 FASEB Summer Research Conferences "Therapeutic and Preventive AIDS Vaccines", Tucson, 
Arizona. (2002) 

• IAPAC Sessions 2002. University of Chicago Gleacer Center, Chicago (2002) 

• XTV International AIDS Conference, Barcelona (2002) 

Inventor; Selected Patents and Patent Applications 

1 . Published application: PCT/US91/00175, filed 16 Jan 91 , "Vector with Multiple Target 
Response Elements Affecting Gene Expression." 

2. Published application: PCT/US92/0401 1, filed 21 May 92, "Eukaryotic Expression 
Vectors with Regulation of RNA Processing." 

3. Published application: PCT/US95/05955, filed 1 8 May 95, "Vectors with Multiple HIV-1 
TAR Sequences Inhibiting HIV-1 Gene Expression" 

4. Published application: PCT/US97/02933, filed 20 Feb 97, "Methods and Compositions 
for Protective and Therapeutic Genetic Immunization." 

5. Published application: PCT/US98/04219, filed 4 May 98, "Chimeric RNA having 
Synergistic Anti-HIV Activity." 



4 



Curriculum Vitae: Dr. Lori 

6. Published application: PCT/US99/03454, filed 18 Feb 99, "Method of Rendering A 
Human Immunodeficiency Virus Population Replication Incompetent in vivo." 

7. Published application: PCT/US99/03452, filed 18 Feb 99 5 "Compositions for Rendering a 
Human Immunodeficiency Virus using Hydroxyurea and a Reverse Transcriptase 
Inhibitor in vivo." 

♦ 

8. US Patent No. 5,977,086 issued 2 Nov 99, "Method of Inhibiting Human 
Immunodeficiency Virus by Combined Use of Hydroxyurea, a Nucleoside Analog, and a 
Protease Inhibitor." 

9. Published application: PCT/US00/02754, filed 2 Feb 2000, "Use of Hydroxyurea and a 
Reverse Transcriptase Inhibitor to Induce Autovaccination by Autologous HIV" 

10. US Patent No. 6,1 14,3 12 issued 5 Sep 2000, "Method of Inhibiting Human 
Immunodeficiency Virus by Combined Use of Hydroxyurea, a Nucleoside Analog, and a 
Protease Inhibitor." 

1 1. US Patent No. 6,130,089 issued 10 Oct 2000, "Materials and Methods for Gene 
Transfer." 

12. Patent No. Pending, "Vector with Multiple Target Response Elements Affecting Gene 
Expression." 

13. US Patent No. 6,420,176 Bl issued 16, July 2002, "Composition for Delivering DNA 
into Antigen Presenting Cells." 



Other Experiences 

• Italy: co-director of Italian RIGHT since 1 995; 1 997-200 1 leader of a European Gene Therapy 
Network (Italy, Nederland, France, Belgium) 

• USA: Franco Lori speaks fluent English, has been living in Washington DC for 14 years. 
Worked in the National Cancer Institute in Dr. Gallo's laboratory (co-discoverer of HIV). 



Publications 

1. Bonati, A., Lori F.., Buscaglia, M., and Starcich, R.: The Phenotype of Terminal Deoxynucleotidyl 
Transferase Positive Cells in the Hemopoietic Tissues of Human Fetuses. In Torelli, U., Di Prisco, 
A.U., and Castaldini, C. (Eds.): Frontiers in Experimental Hematology. Rome, Serono Symposia 
Publications, 1983, pp. 210-219. 
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2. Lori F.., Casoli, C, Albertini, R., Bonati, A., and Starcich, R.: Analysis of Catalytic Subunits of 
DNA Polymerase a in Acute Myeloblasts Leukemia. In Cajozzo, A. and Perricone, R. (Eds.): 
Attualita' in Ematologia. Bologna, Monduzzi, 1985, pp. 120-129. 

3. Lori F.., Casoli, C, and Starcich, R.: DNA Polymerase a Activity in Acute Leukemia: 
Comparative Analysis of Catalytic Subunits after SDS-PAGE. Boll. Soc. It. Biol. Sner. 
62(10):1 197-1203, 1986. 

4. Casoli, C, Lori F.., and Starcich, R.: Heterogeneity of DNA Polymerase a in Embryo Tissues. 
Boll. Soc. It.al Biol. Sner. 62(10): 1205-1211, 1986. 

5. Lori F.., Scovassi, A.L, Brusamolino, E., Casoli, C, and Starcich, R.: Different Expression of DNA 
Polymerase a and p in Bone Marrow and Peripheral Blood in Acute Leukemia. In Habmont, A.C. 
(Ed.): Attualita' in Ematologia. 1987. Bologna, Monduzzi, 1987, pp. 747-750. 

6. Casoli, C, Tremolada, F., Lori F.., Scovassi, L, Bertazzoni, U., Starcich, R., Realdi, G., and Alberti, 
A.: Detection and Characterization of Reverse Transcriptase Activity in Sera of Patients with Post- 
transfusion Non-A Non-B Hepatitis. Ital. J. Gastroenter. 19: 31, 1987. 

7. Casoli, C, Tremolada, F., Lori F.., Scovassi, L, Bertazzoni, U., Starcich, R., and Alberti, A.: 
Reverse Transcriptase Activity in Post-transfusion Non-A Non-B Hepatitis. 1° Characterization and 
Association with Retrovirus-like Particles. Serodiagnosis and Immunotherapy 1: 339-346,1987. 

8. Lori F.., Scovassi, A.L, Brusamolino, E., Casoli, C, and Starcich, R.: Different Distribution of 
DNA Polymerases a and P in Bone Marrow and Peripheral Blood from Human Acute Leukemia. 
Med. Oncol. Tumor Pharmacother. 5(3): 181-186, 1988. 

9. Lori F.. 3 Scovassi, A.L, Zella, D., Achilli, G., Cattaneo, E., Casoli, C, and Bertazzoni, U.: 
Enzymatically Active Forms of Reverse Transcriptase of the Human Immunodeficiency Virus. AIDS 
Res. Hum. Retroviruses 4(5): 393-398, 1988. 

10. Bertazzoni, U., Lori F.., Achilli, G., and Cattaneo, E.: Assays and Structure of Reverse 
Transcriptase of the AIDS Virus. Clin.Chim. Acta 183(1): 101-106,1989. 

11. Lori F.., Achilli, G., Cattaneo, E., Casoli, C, and Bertazzoni, U.: Usefulness of Activity Gel 
Analysis in the Study of Reverse Transcriptase of HTV-1 and other Retroviruses. Arch. AIDS Res. 
4: 1-8,1990. 

12. Zella, D., Mori, L., Sala, M., Ferrante, P., Casoli, C, Magnani, G., Achilli, G., Cattaneo, E., Lori F.., 
and Bertazzoni, U. : HTLV-H Infection in Italian Drug Abusers. Lancet 366(8714): 575-576,1990. 

13. Lusso, P., Lori F., and Gallo, R.C.: CD-4 Independent Infection by Human Immunodeficiency Virus 
Type- 1 after Phenotyping Mixing with Human T-cell Leukemia Viruses. J. Virol. 64(12): 6341- 
6344, 1990. 

14. Lusso, P., De Maria, A., Malnati, M., Lori F.., DeRocco, S.E., Baseler, M., and Gallo, R.C.: 
Induction of CD4 and HIV-1 Susceptibility in Human CD8 + T Lymphocytes by HHV-6. Nature 
349(6309): 533-535, 1991. 

15. Lori F.., Hall, L., Lusso, P., Popovic, M., Markham, P., Franchini, G., and Reitz, M.S., Jr. : Effect 
of Reciprocal Complementation of two Defective Human Immunodeficiency Virus Type- 1 (HTV-1) 
Molecular Clones on HIV-1 Cell Tropism and Virulence. J. Virol. 66(9): 5553-5560,1992. 

16. Lori F.., di Marzo Veronese, F., De Vico, A.L., Lusso, P., Reitz, M.S., and Gallo, R.C.: Viral DNA 
Carried by HIV-1 Virions. J. Virol. 66(8): 5067-5074,1992. 

17. Zella, D., Cavicchini, A., Salemi, M., Casoli, C, Lori F.., Achilli, G., Cattaneo, E., Landini, V., and 
Bertazzoni, U.: Molecular Characterization of two Isolates of Human T-cell Leukemia Virus Type-II 
from Italian Drug Abusers and Comparison of Genome Structure with other Isolates. J. Gen. Virol. 
74: 315-319, 1993. 

18. Lisziewicz, J., Sun, D., Smythe, J., Lusso, P., Lori F.., Louie, A., Markham, P., Rossi, J., Reitz, M., 
and Gallo, R.C.: Inhibition of Human Immunodeficiency Virus Type I Replication by Regulated 
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Expression of a Polymeric-TAR RNA Decoy as a Strategy for Gene Therapy. Proc. Natl. Acad. Sci. 
USA 90(17): 8000-8004, 1993. 

19. Gao, W-Y., Cara, A ., Gallo, R.C., and Lori F..: Low Levels of Deoxynucleotides in Peripheral 
Blood Lymphocytes: A Strategy to Inhibit Human Immunodeficiency Virus Type-1 Replication. 
Proc. Natl Acad. Sci. USA 90(19): 8925-8928,1993. 

20. Lori F.., Lisziewicz, J., Smythe, J., Cara, A., Bunnag, T.A., Curiel, D., and Gallo, R.C.: Rapid 
Protection Against Human Ummunodeficiency Virus Type 1 (HIV-1) Replication Mediated by High 
Efficiency Non-retroviral Delivery of Genes Interfering with HIV-1 tat and gag . Gene Therapy 1(1): 
27-31,1994 

21. Lori F.. , Malykh, A., Cara, A., Sun, D., Weinstein, J.N., Lisziewicz, J., and Gallo, R.C.: 
Hydroxyurea as an Inhibitor of Human Immunodeficiency Virus-type 1 Replication. Science 
266(5186): 801-805, 1994. 

22. Malykh, A., Louie, A., Hall, L., Reitz, M. and Lori F.. Multiple Hierarchic Determinants for Growth 
of HTV-1 in Monocyte-macrophage. Virology 206(1): 646-650, 1995. 

23. Cara, A., Guarnaccia, F., Reitz, M.S. , Gallo, R.C., and Lori F..: Self-limiting, Cell-type Dependent 
Replication of an Integrase Defective HIV-1 in Human Macrophages but not in T-lymphocytes. 
Virology 208: 241-248,1995. 

24. Lori F.. and Gallo, R.C.: Hydroxyurea and ADDS: An Old Drug Finds a New Application? AIDS 
Res, and Hum. Retroviruses 11(10): 1149-1151,1995. 

25. Villani, P., Maserati, R., Regazzi-Bonora, M., Giacchino, R., and Lori F..: Pharmacokinetics of 
Hydroxyurea in Patients Infected with Human Immunodeficiency Virus Type I. J. Clin. Pharmacol. 
36(2): 117-121, 1996. 

26. Cara, A., Cereseto, A., Lori F.., Reitz, M.: HIV-1 Protein Expression from Synthetic Circles of 
DNA Mimicking the Extrachromosomal Forms of Viral DNA. The Journal of Biological Chemistry 
271(10): 5393-5397, 1996. 

27. Lisziewicz, J., Sun, D., Gallo, R., Ensoli, B. and Lori F..: Efficacy of antitat Gene Therapy in the 
Presence of High Multiplicity Infection and Inflammatory Cytokines. Human Gene Therapy , 
7(18):2209-2216, 1996. 

28. Foli A., Lori F.., Maserati, R., Tinelli, C, Minoli, L., Lisziewicz, J.: Hydroxyurea (HU) and 
Didanosine (ddl) as a More Potent Combination than HU and Zidovudine (AZT). An In Vitro 
Prediction in Confirmed in Vivo. Antiviral Therapy 2:31-38, 1997. 

29. Lori F.., Jessen, H., Foli, A., and Lisziewicz J.: Long Term Suppression of HIV-1 by Hydroxyurea 
and Didanosine. JAMA 277(18):1437-38, 1997. 

30. De Antoni, A., Foli, A., Lisziewicz, J., Lori F..: Mutations in the pol Gene of Human 
Immunodeficiency Virus Type 1 in Infected Patients Receiving Didanosine and Hydroxyurea 
Combination Therapy. J of Infectious Diseases 176:899-903, 1997 

31. Lori F.., Gallo, R.C., Malykh, A., Cara, A., Romano, J., Markham, P.: Didanosine but not High 
Doses of Hydroxyurea Rescue Pigtailed Macaque from a Lethal Dose of SrVs^bju. AIDS Research 
and Human Retroviruses. 13 (13): 1083-88, 1997 

32. Lori F.., Malykh, A., Foli, A., Maserati, R, De Antoni, A., Minoli, L., Padrini, D., Degli Antoni, A., 
Baerchi, E., Jessen, H., Wainberg, M., Gallo, R., Lisziewicz, J.: Combination of a Drug Targeting 
the Cell with a Drug Targeting the Virus Controls Human Immunodeficiency Virus Type 1 
Resistance. AIDS Research and Hum. Retroviruses 13 (16): 1403-1409, 1997 

33. Foli, A., Maserati, R, Minoli, L., Wainberg, M.A., Gallo, R.C., Lisziewicz, J., Lori F..: Therapeutic 
Advantage of Hydroxyurea and Didanosine Combination Therapy in Patients Treated with 
Zidovudine. AIDS. 1998. 

34. Lisziewicz, J., Jessen, H., Finzi, D., Siliciano, R.F., Lori F..: HIV-1 Suppression by Early Treatment 
with Hydroxyurea, Didanosine, and a Protease Inhibitor. Lancet 352 (9123): 199-200, 1998 
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35. Lori F.., Lisziewicz J.: Cellular Factors: Targets for the Treatment of HIV Infection. Antiviral 
Therapy 3: 79-90. 1998 

36. Lori F.., Lisziewicz J.: Hydroxyurea: Mechanisms of HIV-1 Inhibition. Antiviral Therapy 3 
(Supplement 4): 26-33, 1 998 

37. Boyer P.L., Lisziewicz, J., Lori F.., Hughes, S.H.: Analysis of Amino Insertion Mutations in the 
Fingers Subdomain of HIV-1 Reverse Transcriptase. Journal of Molecular Biology 286(4):995-1008, 
1999. 

38. Finzi, D., Blankson, J., Siliciano, J.D., Margolick, J.B., Chadwick, K., Pierson, T., Smith, K., 
Lisziewicz, J., Siliciano, R.F.: Latent Infection of CD4+ T Cells Provides a Mechanism for Lifelong 
Persistence of HIV-1, Even in Patients on Effective Combination Therapy. Nature Medicine (5)5: 
512-517, 1999 

39. Foli, A. and Lori F..: Hydroxyurea Combination Therapy. Journal of HIV Therap y. 4(2): 45^18, 
1999. 

40. D'Aquila, R.T., Johnson, V.A., Lori F.., Palmer, S.: Drug Resistance and Pathogenesis: Clinical 
Implications of New Data. Massachusetts General Hospital 1-17, 1999 

41. Lori F., Jessen H., Lieberman J., Clerici M., Tinelli C, Lisziewicz J: Immune Restoration by 
Combination of a Cytostatic Drug (Hydroxyurea) and Anti-HIV Drugs (ddl and Indinavir). ADDS Res 
Human Retroviruses. 15 (7), 619-624, 1999. 

42. Lisziewicz, J., Rosenberg, E., Lieberman, J., Jessen, H., Lopalco, L., Siliciano, R., Walker, B. and 
Lori F..: Control of HTV Despite the Discontinuation of Antiretroviral Therapy. New England J of 
Medicine . 340(21): 1683-4, 1999. 

43. Lori F.: Hydroxyurea and HIV: 5 Years Later- From Antiviral to Immune-modulating Effects. 
AIDS . 13(12): 1433-42, 1999. 

44. Seminari E., Lisziewicz J., Tinelli C, Foli A., Lori F.., Maserati, R.: Hydroxyurea Toxicity when 
Combined with Didanosine (ddl)- in HTV-1 Seropositive Asymptomatic Individuals. Int ! l J. of Clin 
Pharmaceutical and Therapeutics . 37(10): 514-518, 1999. 

45. Lori F. Hydroxyurea for the Therapy of HIV Infection: From Antiviral to Immune-Modulating 
Effects. The PRN Notebook . 4(2): 9-12, June 4, 1999. 

46. Ravot, E., Lisziewicz, J. and Lori F.: New Uses for Old Drugs in HIV Infection: The Role of 
Hydroxyurea, Cyclosporin and Thalidomide. Drugs . 58(6): 953-63, 1999. 

47. Lisziewicz, J and Lori F..: Mechanisms of Human Immunodeficiency Virus Type I Inhibition by 
Hydroxyurea. Journal of Biological Regulators and Homeostatic Agents, 1999. 13(3): 176-80, 1999 
Review. 

48. Lori F.., Jessen, H., Lieberman, J., Finzi, D., Rosenberg, E., Tinelli, C, Siliciano, R, Walker, B. and 
Lisziewicz, J.: Treatment of Human Immunodeficiency Virus Infection with Hydroxyurea, 
Didanosine, and a Protease Inhibitor before Seroconversion is Associated with Normalized Immune 
Parameters and Limited Viral Reservoir. Journal of Infectious Diseases . 180(6): 1827-1832, 1999. 

49. Lori F., and Lisziewicz J. Role of Immune Modulation in Primary HIV Infection . Journal of 
Biological Regulators and Homeostatic Agents . 25: 45-48, 2000. 

50. Lori F., Rosenberg E., Lieberman J., Foli, A. Maserati, R., Seminari, E., Alberici, F., Walker B., 
Lisziewicz J.: Hydroxyurea and Didanosine Long-Term Treatment Prevents Breakthrough and 
Normalizes Immune Parameters. AIDS Res. Hum Retr. 15(15):1333-1338, 1999 

51. Lieberman, J., Trimble, L.A., Friedman, R.S., Lisziewicz, J., Lori F.., Shankar, P., Jessen, H.: 
Expansion of CD57 and CD62L-CD45RA+CD8 T Lymphocytes Correlates with Reduced Viral 
Plasma RNA after Primary HIV Infection. AIDS 13(8) 1999. 

52. Lori F. and Lisciewicz J. Targeting HIV Reservoirs and Reconstituting the Immune System. AIDS 
Research and Human Retroviruses . 15(18):1597-1617 1999. 
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53. Boyer, P.L., Lisziewicz, J., Lori F.., Hughes, S.H.: Analysis of Amino Insertion Mutations in the 
Fingers Subdomain of HIV-1 Reverse Transcriptase. J. of Molecular Biology 286,995-1008, 1999. 

54. Lori F.. and Lisziewicz, J.: Hydroxyurea Overview of Clinical Data and Antiretroviral and 
Immunomodulatory Effects. Antiviral Therapy . 4(3): 101-108, 1999. 

55. Lori F.., Maserati, R., Foli, A., Seminari, E., Timpone, J., Lisziewicz, J.: Structured Treatment 
Interruptions to Control HIV-1 Infection, The Lancet , 355(9200): 287-288, 2000. 

56. Lisziewicz, J., Zeng, G., Gratas, C, Weinstein, J.N., Lori F..: Combination Gene Therapy: 
Synergystic Inhibition of Human Immunodeficiency Virus Tat and Rev Functions by a Single RNA 
Molecule. Human Gene Therapy . 11: 807-815,2000. 

57. Barreio, P. and Lori F..: The Role of Hydroxyurea in the Treatment of HIV Infection. AIDS 
Reviews . (2)99-104,2000. 

58. Lori F. and Lisziewicz J.: Rationale for the Use of Hydroxyurea as Anti-Human Immunodeficiency 
Virus Drug. Clinical Infectious Diseases, 30(S2): S193-S197, 2000. 

59. Ravot E., Tambussi G., Jessen H., Tinelli C, Lazzarin A., Lisziewicz J., Lori F. Effects of 
Hydroxyurea on T Cell Count Changes During Primary HIV Infection. AIDS 14(5):619-622, 2000. 

60. Lori F.., Lewis, M.G., Xu, J., Varga, G., Zinn, D.E., Crabbs, C, Wagner, W., Greenhouse, J., 
Silvera, P., Yalley-Ogunro, J., Lisziewicz, J.: Control of SIV Rebound Through Structured 
Treatment Interruptions During Early Infection. Science 290(5496) 1591-1593,2000. 

61. Foli, A., Benvenuto, F., Piccinini, G., Bareggi A., Cossarizza, A., Lisziewicz, J., and Lori F. Direct 
analysis of mitochondrial toxicity of antiretroviral drugs. AIDS. Sep. 2001 15(13), 1687-1694, 2001. 

62. Lisziewic, J., Gabrilovich DI, Varga, G., Xu, J., Greenberg, PD., Arya, SK, Bosch, M., Behr, JP. and 
Lori F.. Induction of potent human immunodeficiency virus type 1-specific T-cell-restricted 
immunity by genetically modified dendritic cells. J. Virol. Aug. 2001 75(16):7621-8, 2001. 

63. Lori F.. and Lisziewicz J. Structured Treatment Interruptions for the Management of HIV Infection 
in 2001. JAMA. Dec 19;286(23):2981-7, 2001. 
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Abstract 



Inhibition of ribonucleotide reductase (RR) has gained attention as a potential strategy for HIV-1 therapy through the success of 
hydroxyurea (HU) to potentiate the activity of the nucleoside reverse transcriptase inhibitor (NRTI) didanosine (ddl) in clinical trials. 
However, the use of HU has been limited by its development of hematopoietic toxicity. In this study, the novel RR inhibitors didox (DX; 
3,4-dihydroxybenzohydroxamic acid), and trimidox (TX; 3,4,5-trihydroxybenzamidoxime) were evaluated along with HU for anti-retro viral 
efficacy in LPBM5-induced retro- viral disease (MAIDS) both as monotherapeutic regimens and in combination with the guanine containing 
NRTI abacavir (ABC). Anti-retroviral drug efficacy was determined by measuring inhibition of splenomegaly, hypergammaglobulinemia, 
and splenic levels of proviral DNA. In this study, all RRIs tested showed the ability to improve the efficacy of ABC in the MAIDS model 
by reducing splenomegaly, hypergammaglobulinemia, and splenic proviral DNA levels. 
© 2004 Elsevier B.V. All rights reserved. 

Keywords: Ribonucleotide reductase; Murine AIDS; Hydroxyurea; Trimidox; Didox; Abacavir 



1. Introduction 

The need for alternative therapies for HIV infection has 
been highlighted by the demonstration of the development 
of multi-drug resistant HIV-1 strains (Shafer et ah, 1998), 
metabolic abnormalities (Vigouroux et al., 1999), and the 
demonstration of low-level viral replication (Dornadula 
et al., 1999) in patients receiving highly active anti-retroviral 
therapy (HAART). These problems are further compounded 
by complicated drug administration schedules, often result- 
ing in poor compliance, and by the high cost of therapy. 

One alternative therapeutic strategy that has received 
attention is the use of ribonucleotide reductase inhibitors 
(RRI). Ribonucleotide reductase (RR) catalyses the for- 
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mation of deoxyribonucleotides from the corresponding 
ribonucleotides, and represents the rate-limiting step in the 
production of DNA precursors (Reichard, 1993). Viruses, 
including HIV, are completely lacking in their ability to 
synthesize dNTPs, and are therefore completely dependent 
upon their host cells for production of these essential sub- 
stances. Selective depletion of host cell dNTP pools without 
irreversibly impairing host cell dNTP synthesis is an in- 
triguing target for inhibiting HIV replication (Mills et al., 
1992a,b). 

The RR inhibitor HU has been the primary focus of this 
strategy, since -it is available for therapeutic clinical use, suc- 
cessfully inhibiting in vitro HIV-1 proviral DNA synthesis 
(Gao et al., 1994), and potentiating the anti-retroviral activ- 
ity of several dideoxynucleoside (ddN) analogs (Gao et al., 
1994; Malley et al., 1994; Lori et al, 1994). In addition, hy- 
droxyurea has been shown to potentiate the anti-herpesvirus 
activity of several ddN analogs (Neyts and De Clerq, 1999). 
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Clinical studies have supported the in vitro observations that 
HU can successfully potentiate the activity of ddl (Lori et al., 
1997a,b), or ddl and d4T (Rutschmann et al., 2000; Galpin 
et al., 1998) in HIV-infected patients. It has also been shown 
that regimens containing a protease inhibitor, an NRTI, and 
HU are successful in reducing viral load to undetectable lev- 
els, decrease the number of activated CD8+ cells, and in- 
crease the number of CD4+ cells (Lori et al., 1999a,b). 

The widespread use of HU in HIV-infected patients is still 
somewhat controversial due to its notorious ability to induce 
significant hematological disturbance (Maserati, 1999). In 
patients with advanced disease or in those receiving other 
anti-retroviral drugs that suppress hematopoiesis, the bone 
marrow suppression associated with HU may be further ex- 
acerbated (Foli et al., 1997). In addition'to these problems, 
the rapid plasma clearance of HU (Moore and Hurlbert, 
1985) and its relatively weak in vitro enzyme inhibition 
(Elford, 1968) may limit the in vivo RR inhibitory activity 
of HU. In an attempt to achieve greater RR inhibition than 
HU, several more potent RR inhibitors have been synthe- 
sized (van't Riet et al., 1979). Two of these compounds TX 
and DX were found to be particularly potent in vitro RR in- 
hibitors (Elford and van't Riet, 1985). The structures of TX, 
DX, and HU are shown in Fig. 1 . 

A number of differences have been observed between the 
novel RRIs DX and TX in comparison to HU. Potentially the 
most important difference from a clinical perspective may 
be the effects DX and TX have upon dNTP levels compared 
to HU (Elford and van't Riet, 1985). HU has been consis- 
tently shown to reduce only the purine dNTP pools (dATP 
and dGTP) in various cell lines (Snyder et al., 1984; Bianchi 
et al., 1986; Gao et al., 1998). In contrast, DX and TX have 
been shown to reduce pools of both purine and pyrimidine 
dNTPs (Elford et al., 1980; Szekeres et al, 1994a; Elford 
and van't Riet, 1985). These findings may prove to be of 
clinical importance by allowing a larger number of thera- 
peutic options in treatment of human AIDS. 

Additional studies have shown that TX and DX have more 
potent in vivo anti-tumor activity than HU in several murine 
tumor models (Szekeres et al., 1994a,b; Elford et al., 1979). 
Results from our laboratory and others have shown that TX 
and DX have effective anti-retroviral activity both alone and 
in combination with ddl in the MAIDS model (Mayhew 
et al, 1997), HIV-infected HuPBMC SCID model (Ussery 
et al, 1999), and the Rauscher murine retrovirus model 
(Mills et al, 1992a,b). Importantly, it has also been demon- 



strated that TX and DX are less toxic to normal human and 
murine hematopoietic progenitor cells when compared to 
HU in vitro and in vivo (Mayhew et al, 1999, 2002b). 

MAIDS is induced by inoculation with a complex of 
retroviruses called LPBM5 murine leukemia virus (MuLV), 
originally recovered from a radiation- induced lymphoma of 
C57BL/6 (B6) mice (Laterjet and Duplan, 1962). Many of 
the features of MAIDS are similar to those of HIV. Some of 
these similarities include development of a profound immun- 
odeficiency characterized by deficits in B- and T-lymphocyte 
function as well as deficiencies in macrophage function. 
Early stage disease is characterized by polyclonal activation 
of lymphocytes and proliferation associated with progres- 
sive lymphadenopathy and splenomegaly (Chattopadhyay 
et al, 1991; Jolicoeur, 1991). Advanced stages of the dis- 
ease are associated with profound immunodeficiency and 
enhanced susceptibility to opportunistic infections (Doherty 
et al, 1995) and development of secondary neoplasms, es- 
pecially B-cell lymphomas (Buller et al, 1987). 

Despite the similarities between HIV and MAIDS, there 
are several important differences. The major cellular targets 
for LPBM5 MuLV infection are B-lymphocytes, and not 
CD4 T cells as in HIV. LPBM5 MuLV is also much simpler 
in structure than HIV, lacking the tat, rev, and nef regulatory 
genes (Magnani et al, 1997). Also, the cause of death in 
MAIDS is believed to be severe pulmonary compromise sec- 
ondary to lymphoid infiltration and enlarged thoracic lymph 
nodes (Jolicoeur, 1991). 

MAIDS has been widely used as a model to evaluate 
experimental anti-HIV-1 compounds (Suruga et al, 1998; 
Fraternale et al, 2002; Magnani et al, 1997; Mayhew et al, 
2002a). A particular advantage with the use of MAIDS 
for evaluation of experimental anti-retroviral compounds 
is that, unlike other murine models of retrovirus infection, 
the disease progresses over a substantial period of time. 
This permits administration of experimental drugs for sev- 
eral months, and evaluations of therapeutic benefit versus 
toxicity can be made in infected animals. Because B-cell 
proliferation is a major component of LPBM5 MuLV in- 
fection, MAIDS provides a good model for the preclinical 
study of compounds such as HU that have been proposed to 
be beneficial in HIV infection due in part to their cytostatic 
properties (Lori and Lisziewicz, 1998). 

It has previously been demonstrated by our laboratory that 
the RRIs TX, DX, and HU serve as effective treatments for 
LPBM5 MuLV infection alone (Mayhew et al, 1997, 1999), 



O H Q qh 

NH 2 -C-NOH H ° N^^^NOH H0 ^^^"\h 2 

H HO H HO 2 

HYDROXYUREA (HU) DIDOX TRIMIDOX (TX) 



Fig. 1. Structure of RRIs. 
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or in combination with ddl (Mayhew et al., 1997). It has 
also been demonstrated that HU, TX, and DX can safely 
be administered to MAIDS infected mice for over 1 year 
(Mayhew et al., 1997). Further comparisons of TX and DX 
with HU have shown that TX and DX are less toxic to normal 
and infected bone marrow than HU (Mayhew et al., 1997). 
Most recently it has been demonstrated that short-term treat- 
ment with TX and DX is able to reverse late- stage MAIDS 
disease (Mayhew et al., 2002a). The purpose of the de- 
scribed studies was to further compare in vivo the ability 
of hydroxyurea and the novel ribonucleotide reductase in- 
hibitors DX and TX to suppress retroviral infection in the 
MAIDS model when combined with the NRTI compound 
abacavir. 



2. Materials and methods 

2.1. Mice 

Female C57BL/6 mice aged 8-10 weeks were pur- 
chased from Charles River/NCI (Bethesda, MD, USA), 
and were housed in micro-isolator cages in a temperature 
and humidity-controlled environment. Mice were fed Pu- 
rina Lab Chow and water ad libitum. The experimental 
animal protocol used in these studies was approved by the 
University of Kentucky IACUC committee. 

2.2. Infection of mice with LPBM5 MuLV 

The G6 subclone of chronically LPBM5 MuLV-infected 
SC-1 cells was kindly provided by Dr. Donald Cohen, De- 
partment of Microbiology and Immunology, University of 
Kentucky. G6 cells were grown in Dulbecco's Modified Ea- 
gle Medium (Gibco, Grand Island, NY, USA), supplemented 
with 10% fetal bovine serum (Sigma Chemical Co., St. 
Louis, MO, USA), and 1% penicillin-streptomycin (Gibco). 
Virus used for inoculation of mice was prepared by removal 
of the cell supernatant. The cell monolayer was subsequently 
lysed by repeated freeze-thaw cycles to yield intra-cellular 
virus (Mayhew et al., 1997, 2002a,b). This was combined 
with the cell supernatant, centrifuged at 300 x g for lOmin 
and 0.45 |xm filtered. Inoculation of virus was performed by 
two separate 0.5 ml i.p. injections 3 days apart, per mouse. 

2.5. Treatment of LPBM5 MuLV-infected mice 

LPBM5-infected animals were randomly assigned to 
groups of eight to receive the various treatment regi- 
mens (see Table 1). Doses of RRIs were chosen based 
upon concentrations, which had previously been shown 
by our laboratory to enhance the activity of ddl (Mayhew 
et al., 1997), and doses of ABC were chosen based upon 
the manufacturer's recommendations. TX and DX were 
provided by Dr. Howard Elford (Molecules for Health 
Inc., Richmond, VA, USA). HU was purchased from 



Table 1 




Experimental groupings 




Normal control 


Infected + TX 150 


Infected control (MC) 


Infected + TX150 + ABC 100 


Infected + HU60 


Infected + TX150 + ABC200 


Infected + HU60 + ABC200 


Infected + DX300 


Infected + HU 150 


Infected + DX300 + ABC200 


Infected + HU150 + ABC200 


Infected + DX350 


Infected + HU200 


Infected + ABC200 



All doses of drugs are in milligram per kilogram of body weight. 



Sigma Chemical Co., and ABC was provided by Dr. 
Trevor Scott (Glaxo Smith Kline, Research Triangle Park, 
NC, USA). 

All mice in groups listed above received the listed drug 
doses in milligram per kilogram body weight. In addition 
to the groups listed above, 16 non-infected, non-treated an- 
imals served as normal controls, and 16 LPBM5 -infected, 
non-treated animals served as MAIDS controls. Drug treat- 
ment began 7 days after the first inoculation of virus, 
and continued daily for 8 weeks. HU, TX, DX, and ABC 
were injected i.p. in a final volume of 0.5 ml for each 
drug. Groups receiving combination therapy were given 
a total of two injections per day (0.5 ml of each drug). 
Drugs were prepared weekly, sterile filtered, and stored 
at 4 °C. Drugs were warmed to body temperature prior to 
injection. 

2.4. Procurement of tissues for analysis of anti-viral drug 
efficacy and hematopoietic toxicity 

After 4 and 8 weeks of treatment, four mice from each 
group were randomly selected and sacrificed for analysis 
of anti-viral drug efficacy. Blood was collected from each 
mouse by cardiac puncture, and complete blood counts were 
performed using a Baker 9110 +CP (ABX Diagnostics, 
Irvine, CA, USA). Serum was obtained by centrifugation of 
blood at 10,000 x g for lOmin and was frozen at -20 °C 
until used. The spleens were rapidly removed, weighed, and 
cut approximately in half. One half was immediately frozen 
in a dry-ice/ethanol bath and stored at —80 °C until used for 
DNA extraction. 

2.5. Enzyme-linked immunosorbant assay for murine IgG 

Serum was obtained after 4 and 8 weeks as described 
above and stored at — 20 °C until used. A standard 
enzyme-linked immunosorbent assay technique (ELISA) 
was used to quantify levels of murine IgG. Ninety- six- well 
microtiter plates were coated overnight at 4°C with 
1.5|xg/ml goat anti-mouse IgG (Fc-chain-specific; Jack- 
son ImmunoResearch, West Grove, PA, USA) in 0. 1 M 
NaHCOs. After washing and blocking with 0.1% bovine 
serum albumin (Sigma) in PBS, diluted serum samples 
and serially diluted murine IgG standards (Sigma) of 
known concentrations were added to plates and incubated 
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at room temperature for 2 h. After washing, 0.3 (xg/ml al- 
kaline phosphatase-conjugated anti-mouse IgG (Jackson 
ImmunoResearch) in PBS was added and incubated at 
room temp for 1 h. After washing, p-nitrophenyl phosphate 
substrate (Sigma) was added and incubated for 15min at 
37 °C. The reaction was stopped by addition of 3 M NaOH 
and the absorbance of each well was read at 405 nm. Serum 
IgG concentrations were determined by comparison with 
the murine IgG standards. 

2.6. Extraction of genomic DNA 

Genomic DNA was extracted from three spleens from 
each experimental group using the DNeasy tissue kit (Qi- 
agen, Valencia, CA, USA) according to the manufacturer's 
protocol. Spleen size was not taken into account when se- 
lecting tissue for DNA extraction. DNA was eluted from 
spin columns and stored at — 20 °C until used in PCR reac- 
tions. The yield and purity of extracted DNA was quantified 
spectrophotometrically. 

2. 7. Semi-quantitative PCR for integrated proviral DNA 

The following primers, specific for the pl2 gag region of 
the LPBM5 defective virus (BM5-def) genome were used for 
PCR amplification: 5'-CCT TTT CCT TTA TCG ACA CT-3' 
(sense), and 5'-ACC AGG GGG GGA ATA CCT CG-3' 
(anti-sense). The expected size of the amplified product was 
246 base pairs. A second pair of oligonucleotide primers, 
designed using the Oligo (version 6.15) computer software 
(Molecular Biology Insights Inc., Cascade, CO, USA) were 
used to amplify a region of the murine B-actin gene which 
served as an endogenous control. The B-actin primer se- 
quences are: 5'-CAC TGJ GCC CAT CTA CGA-3' (sense), 
and 5'-ACA GGA TTC CAT ACC CAA G-3' (anti-sense) 
and amplified a product of 334 base pairs. PCR amplifi- 
cation in the linear range was performed in a final vol- 
ume of 25 |xl, containing 0,25 fig genomic DNA, 1 pg of 
each primer and a 1 x solution of AmpliTaq gold master 
mix (Applied Biosystems, Branchburg, NJ, USA). BM5def 
was amplified by hot-start and initial denaturation at 95 °C 
for lOmin followed by 22 cycles of denaturation at 95 °C 
for 1 min, annealing at 57 °C for 1.5 min and extension at 
72 °C for 2 min, followed by a final extension at 72 °C for 
8 min. (3-Actin was amplified by hot-start and initial denat- 
uration at 95 °C for 10 min, followed by 35 cycles of de- 
naturation at 94 °C for 30 s, annealing at 53 °C for 45 s, and 
extension at 72 °C for 45 s followed by a final extension 
at 72 °C for 10 min. For quantification, gels were stained 
with ethidium bromide and densitometry was performed us- 
ing ID Image Analysis Software (Kodak, Rochester, NY, 
USA). Each BM5def band was normalized to its corre- 
sponding G6PDH band before comparison between exper- 
imental groups, and each data point represents the mean 
and S.D. for a minimum of three mice per experimental 
group. 



2.8. Assay of bone marrow progenitors 

Contents of femurs were flushed in ice cold PBS with a 
22-gauge needle. Single cell suspensions of bone marrow 
were made by gentle flushing through an 18-gauge nee- 
dle, and bone marrow from each experimental group was 
pooled for analysis of committed granulocyte/macrophage 
(CFU-GM), and erythroid (BFU-E) progenitors, according 
to previously published methods (Mayhew et al., 1997). 
Briefly, 25,000 bone marrow cells were plated in duplicate in 
lml methylcellulose medium (Stem Cell Technologies, Van- 
couver, Canada) containing 1% methylcellulose in Iscove's 
minimal Dulbecco's media, 15% FBS, 1% bovine serum 
albumin, lOjxg bovine pancreatic insulin, 200(xg/ml hu- 
man transferrin (iron saturated), 10 -4 M p-mercaptoethanol, 
2 mM L-glutamine, 50ng/ml recombinant murine (rm) stem 
cell factor, 1 0 ng/ml recombinant human (rh) interleukin-6, 
and 3 units/ml rh-erythropoietin. After vortexing, duplicate 
samples were plated in six- well tissue culture plates and 
incubated at 37 °C in air containing 5% CO2 for 10 days. 
Using an inverted microscope, CFU-GM and BFU-E were 
identified based on their morphology, and colonies contain- 
ing greater than 50 cells were scored. 

2.9. Statistical analysis 

The Student's two-tailed f-test was used to determine the 
significance of differences between groups. A P- value of 
<0.05 was considered to be significant. 



3. Results 

3.1. Inhibition of splenomegaly 

Infection of mice with LPBM5 MuLV results in immun- 
odeficiency disease and lymphoproliferation characterized 
by splenomegaly (Morse et al., 1992). In this study all 
infected control animals developed extensive peripheral 
lymphadenopathy and splenomegaly. Spleen weights from 
each experimental group are shown in Fig. 2. By the end 
of the eighth week of infection, spleens of infected con- 
trols weighed approximately six- to seven-fold higher than 
non-infected controls. ABC monotherapy showed only a 
modest reduction in spleen weight versus MAIDS controls 
(MC) (approximately 29%). Combination of ABC with 
RRIs was able to greatly improve the activity level of ABC, 
reducing the increase in spleen weight due to MAIDS in- 
fection by: 86% for HU150 + ABC200 and approximately 
90% for TX150 + ABC200; 91% for DX300 + ABC200. 
The combination treatment group spleen weights were only 
slightly different from normal control values. The best 
anti- viral activity, however, was demonstrated by DX350 
monotherapy, which was not significantly different from 
non-infected control values (P = 0.347), but was signifi- 
cantly different from MC (P < 0.005). 
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Fig. 2. Effect of drug treatment on inhibition of viral-induced splenomegaly in LPBM5 MuLV-infected mice. LPBM5 MuLV-infected animals were 
treated daily for 8 weeks with RRIs alone or in combination with ABC. After 8 weeks of drug treatment, animals were sacrificed and their spleens were 
weighed. Bars represent the mean and standard deviation of at least three animals per group. 



3.2. Inhibition of hypergammaglobulinemia 

Early progression of MAIDS is associated with poly- 
clonal activation of B-cells resulting in increased serum im- 
munoglobulin concentrations (Klinman and Morse, 1989). 
Mean serum IgG concentrations for each experimental group 
are shown in Fig. 3. By the end of the eighth week of drug 
treatment, hypergammaglobulinemia was evident in infected 
controls, which showed a six- to seven-fold increase in 



IgG levels versus non-infected controls. All drug treatment 
groups were effective in significantly lowering the level of 
serum immunoglobulin versus infected control, with the ex- 
ception of the lowest monotherapeutic dose of HU. ABC200 
showed approximately 45% inhibition, with all HU and 
TX regimens showing comparable results. The most effec- 
tive treatment at inhibiting the increase in serum IgG level 
was in the DX300 + ABC200 group. This group showed 
no increase in IgG levels versus non-infected controls. 




Fig. 3. Effect of drug treatment on inhibition of viral -induced hypergammaglobulinemia in LPBM5 MuLV-infected mice. LPBM5 MuLV-infected animals 
were treated daily for 8 weeks with RRIs alone or in combination with ABC. After 8 weeks of drug treatment, animals were sacrificed and their serum 
IgG levels were measured as described in the Section 2. Bars represent the mean and standard deviation of at least three animals per group. 
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DX300 monotherapy showed similar results, with a slightly 
higher mean value and slightly more variation within the 
group. 

3.3. Inhibition of LPBM5 proviral DNA 

Relative levels of splenic BM5 def proviral DNA were 
evaluated by semi-quantitative PCR (Fig. 4A and B). After 
8 weeks of drug treatment, all drug treated groups showed 
reduced levels of pro-viral DNA compared to infected con- 
trols. 

3.4. Gross toxicity 

There was no evidence of gross toxicity in any of the 
treatment groups presented in this paper, however, when 



HU200 mg/kg was combined with ABC, fatal toxicity was 
observed in a high percentage of animals receiving these 
regimens (data not shown). This is in contrast to TX and 
DX, which were well tolerated at relatively high doses both 
alone and in combinations with ABC. 

3.5. Effects on peripheral blood indices 

Complete blood counts were performed after 8 weeks 
of drug treatment to monitor the effects of drug treatment 
on peripheral blood indices. Although no statistically sig- 
nificant changes in white blood count (WBC) values were 
observed, there was a general trend present indicating that 
groups treated with HU had the lowest mean WBC, followed 
by DX, then TX. ABC treatment did not tend to alter WBC 
appreciably (Fig. 5). 
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Fig. 4. (A) Effects of drug treatment on levels of splenic proviral DNA in LPBM5 MuLV-infected mice. The top row of bands represents p-actin, and 
the bottom row of bands represents BM5-def. Lane 1: molecular weight marker; lane 2: NC; lane 3: MC; lane 4: HU60; lane 5: HU60 + ABC200; 
lane 6; HU150 + ABC200; lane 7: HU200; lane 8: TX150; lane 9: TX150 + ABC100; lane 10: TX150 + ABC200; lane 11: DX300; lane 12: DX300 
+ ABC200; lane 13: DX350; lane 14: DX350 + ABC200; lane 15: ABC200. The bands above show a representative example from each experimental 
group. (B) Effects of drug treatment on levels of splenic pro-viral DNA in LPBM5 MuLV-infected mice. Densitometry readings from semi-quantitative 
PCR are represented here as percentages of the infected control animals. Bars represent the mean and standard deviation of three mice per group. 
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Fig. 5. Effects of drug treatment on WBC in LPBM5 MuLV-infected mice, WBC is expressed as thousands of cells per cubic millimeter. Bars represent 
the mean and standard deviation of at least three mice per group. 



In the most effective anti-viral HU regimens (HU200; 
HU150 + ABC200), the red blood cell count (RBC) was 
significantly lower than the RBC from MC. Treatment with 
DX350 also significantly reduced the RBC values compared 
to MC, but no other regimen produced significant alterations 
in the RBC values. 

The most effective anti-viral regimens containing HU 
(HU200; HU150 4- ABC200) significantly lowered hemat- 
ocrit (HCT) values compared to infected controls. No other 
therapeutic regimen significantly altered HCT values com- 
pared to infected controls. 

HU200 and DX350 produced platelet count values that 
were significantly lower than non-infected control values, 
but they were not significantly lower than infected control 
values. 

3,6. Effects of drug treatment on hematopoietic 
progenitor cells 

Drug treatment regimens containing HU150, HU150 + 
ABC200, and HU200 produced significantly low numbers of 
femoral CFU-GM colonies compared to infected control val- 
ues, which were significantly lower than non-infected con- 
trol values. No other treatment groups lowered the femoral 
CFU-GM, and in fact, regimens containing DX actually 
increased the numbers of CFU-GM colonies compared to 
non-infected controls. This is also true of ABC monother- 
apy (Fig. 6). 

No significant effects of femoral BFU-E colony num- 
bers were observed in any drug treatment groups (data not 
shown). 



4. Discussion 

The cellular enzyme RR has been determined to be the 
rate-limiting step in de novo synthesis of dNTPs (Thelander 
and Reichard, 1979). Inhibition of RR by HU results in a 
reduction of dNTP pools, followed by a cessation in DNA 
synthesis and arrest of the cell cycle in S-phase (Moore and 
Hurlbert, 1985). HU has also been shown to cause cell death 
when used at high doses, or for prolonged exposures (Moore 
and Hurlbert, 1985). These properties of HU make it an in- 
teresting compound with potential benefits for HIV-infected 
patients. For example, the reduction of dNTP pools by HU 
may have an effect on HIV replication because HIV has been 
demonstrated to be extremely sensitive to fluctuations in 
dNTP levels (Gao et al., 1993; Meyerhans et al., 1994). The 
effects of HU upon dNTP levels also allows the possibility 
that HU could enhance the activity of nucleoside or -tide ana- 
log RT inhibitors because the nRTIs are structural analogs 
of the physiological dNTPs (Sommadossi, 1993), and com- 
pete with those physiological dNTPs for binding to the RT 
enzyme of HIV. It has been established that the activity of 
nRTIs is not completely dependent upon the actual level of 
nRTI, but lies mainly in the level of nRTI to its physiologi- 
cal counterpart (Johns and Gao, 1998). Therefore, reducing 
the endogenous level of dNTP may prove to be as effective 
as increasing the level of nRTI (Johns and Gao, 1998). At 
this point, HU has only been demonstrated to most consis- 
tently potentiate the effects of adenosine analogs (particu- 
larly ddl), with lesser potentiation of thymidine, cytosine, 
and guanosine analogs (Gao et al., 1994; Lori et al., 1994). 
In contrast to HU, TX and DX have been demonstrated to 
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significantly reduce not only the dATP pool, but also the 
dCTP and dGTP pools in various cell lines (Elford and 
van't Riet, 1985; Szekeres et al., 1994a; Tihan et al., 1991). 
Based on this information our group speculated that TX and 
DX may have the ability to increase the anti-HIV-1 activity 
of a larger number of ddNs than HU, potentially provid- 
ing more therapeutic options in the treatment of human 
AIDS. 

The data presented here clearly indicate that the RRIs 
HU, TX, and DX are effective treatments with the ability 
to influence several parameters associated with disease pro- 
gression in the murine AIDS model of retrovirus infection 
and are able to improve the activity of the guanine-like RT 
inhibitor ABC in the murine AIDS model without inducing 
significant hematological toxicity. 

RRI doses used in this study were based on concentra- 
tions previously demonstrated by our laboratory to enhance 
the activity of ddl (Mayhew et al., 1997) and doses of ABC 
were chosen based upon recommendations by the manufac- 
turer and upon the results of a 24 h maximum tolerated dose 
experiment (data not shown). Notable observations made in 
this study were that all RRIs provided effective inhibition of 
viral-induced disease pathophysiology, however, the use of 
HU while highly effective is associated with perturbations 
of the hematological system. This is in contrast to TX and 
DX, which were similarly effective, but induced far fewer 
perturbations to the hematological system than HU. This ob- 
servation is confirmed by other studies from our laboratory 
(Mayhew et al., 1997, 1999, 2002b). Of particular interest 
was the observation that all RRIs could safely be combined 
with ABC, improving the activity of ABC in the model, 



as well as demonstrating that ABC improves the activity 
of sub-optimal doses of the RRIs. Although the improve- 
ment of RRI doses by the addition of ABC to the regimen 
was not significantly different from RRI monotherapy, gen- 
eral trends were clearly visible, however, statistical signifi- 
cance was difficult to obtain due to the high level of efficacy 
demonstrated by RRI monotherapy. Given the level of activ- 
ity and the lack of significant toxicity observed in this study 
with TX and DX when combined with ABC, and the recent 
demonstration by Mayhew et al. (2002a) that TX and DX 
can reverse late-stage disease pathology, it would be of in- 
terest to administer these combination regimens to animals 
with late-stage infection. 

With respect to the measurements of hematological toxi- 
city, HU and DX were both associated with lowered WBC 
values compared to non-infected and infected controls, how- 
ever, HU significantly depleted the number of committed 
hematological progenitor cells in the bone marrow compart- 
ment. This is in contrast to DX. DX actually increased the 
numbers of bone marrow progenitors. At the doses of TX 
used, no hematological perturbations were observed when 
TX was used alone or in combination with ABC. 

LPBM5 MuLV viremia was not directly measured in this 
experiment, but it was indirectly measured by evaluation 
of levels of proviral DNA in spleens of infected animals 
treated with RRIs. All RRIs showed potent activity at re- 
ducing the levels of proviral DNA, with little difference in 
activity among groups. The main difference in treatment 
among groups is that the most effective regimens containing 
HU were associated with hematological toxicity as reflected 
in the lower peripheral blood and bone marrow indices. 
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In addition to these findings, previous experiments by our 
group in the HuPBMC SCID model of HIV- 1 infection have 
demonstrated that TX and DX are able to reduce HIV-1 RNA 
titers in vivo (Broud et al., 1998; Ussery et al., 1999). There- 
fore, TX and DX may have a direct inhibitory effect upon 
HIV-1 replication if administered to infected individuals. 

HIV-1 replication is characterized by T-cell activation, 
with the most efficient virus replication occurring in acti- 
vated T cells (Stevenson et al. } 1990). In HIV-1 infection, 
CD8+ cells increase dramatically (Giorgi et al., 1993), and 
CD8+ cells have been implicated in the immunopathology 
of HIV infection (Zinkernagel and Hengartner, 1994). RRIs 
TX and DX may have the same beneficial effects as HU upon 
CD4+ and CD8+ cell activation (Lori, 1999). In support of 
this idea is the observation that TX and DX inhibited virus 
induced B -lymphocyte activation and proliferation (charac- 
terized by hypergammaglobulinemia and splenomegaly) in 
the MAIDS model. 

In conclusion, the ability of the RRIs HU, TX, and DX 
to improve the activity of ABC in the MAIDS model was 
comparatively examined. All three RRIs showed the abil- 
ity to improve the activity of ABC in the MAIDS model, 
as determined by inhibition of splenomegaly, hypergamma- 
globulinemia, and pro viral DNA levels, however, in the most 
effective regimens containing HU, disturbances in hemato- 
logical function were observed. This is in stark contrast to 
TX and DX, which showed similar potency to HU contain- 
ing regimens, but with little or no disturbance in hematolog- 
ical function at the doses examined. In light of these obser- 
vations, it is possible that TX and DX may prove to be of 
benefit to HIV-1 -infected individuals when combined with 
current treatment regimens. 
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We assessed the effects of hydroxyurea (HU) at a concentration of 50 \iM on the in vitro activities of 
2' r 3'-dideoxyinosine (ddl), 9-[2-(phosphonyImethoxy)ethyi]adenine (PMEA), and 9-[2-(phosphonylmethoxy)pro- 
pyl] adenine (PMPA) against a wild-type human immunodeficiency virus (HIV) type 1 (HIV-1) laboratory 
isolate and a panel of five well-characterized drug-resistant HIV isolates. Fifty micromolar HU significantly 
increased the activities of ddl, PMEA, and PMPA against both the wild-type and the drug-resistant HIV-1 
isolates. In fixed. combinations, both ddl and PMEA were synergistic with HU against wild-type and drug- 
resistant viruses. 



The experimental human immunodeficiency virus (HIV) re- 
verse transcriptase (RT) inhibitors 9-[2-(phosphonylmethoxy) 
ethyl] adenine (PMEA) and 9-[2-(phosphonylmethoxy)propyl] 
adenine (PMPA) are acyclic phosphonate analogs of AMP (3, 
26, 32). Although they already contain a single phosphate, 
PMEA and PMPA, like other nucleoside analogs, rely on in- 
tracellular kinases for phosphorylation to their active diphos- 
phate forms (27, 28). The diphosphates of PMEA and PMPA 
and the triphosphate of 2\3'-dideoxyinosine (ddl) (ddATP) 
compete with the cellular nucleotide dATP for the active bind- 
ing sites on the RT enzyme (1, 8). Therefore, the antiretroviral 
activities of PMEA, PMPA, and ddl are dependent on two 
factors: (i) the activities of intracellular phosphorylating en- 
zymes and (ii) the ratio of the amount of phosphorylated drug 
to the amount of competing intracellular nucleoside triphos- 
phate pools. 

The anticancer agent hydroxyurea (HU) is used for the 
treatment of myleoproliferative disorders (9, 34). HU is a 
potent inhibitor of the cellular enzyme ribonucleotide reduc- 
tase, which catalyzes the reduction of ribonucleotides to de- 
oxyribonucleotides (14). Cells exposed to HU show measur- 
able reductions in several deoxynucleotide pools, with the 
reduction of dATP pools being the most pronounced (4, 10-12, 
24). These decreases in deoxynucleotide pools effectively block 
cellular DNA synthesis (4). 

HU increases the anti-HIV activities of ddl and 2'-p-fluoro- 
2',3'-dideoxyadenosine, probably due to the favorable shift in 
the ratio of adenosine drug triphosphates versus competing 
cellular dATP pools which favors the binding of drug triphos- 
phates to RT (4, 10-13, 18, 24). Due to these promising in vitro 
results, several clinical trials of ddl in combination with HU 
have been initiated (5-7, 17, 35, 36). 

In the present study, we investigated the effects of HU on 
the anti-HIV activities of the three adenosine analogs PMEA, 
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PMPA, and ddl. We assessed the interaction of HU with these 
drugs against wild-type HIV and versus a panel of drug-resis- 
tant HIV strains. We also analyzed the cytotoxicity of HU 
alone and in combination with PMEA, PMPA, or ddl. 

HIV-1 strains. The antiviral activities of the drugs and drug 
combinations were assessed against six different HIV type 1 
(HIV-1) strains: a wild-type laboratory isolate (HIV NL4 _ 3 ), 
three recombinant isolates containing ddl resistance 
mutations (HIV K65R , HIV L74V , and HIV L74Vi M184V ), one 
molecularly constructed multinucleoside-resistant strain 
(HIV V75I F77LfF116Yf Q151M ) (15), and a recently reported mul- 
tidrug-resistant clinical isolate containing six major RT mu- 
tations (HIV M41J ^ 067N, M184V. L210W, T215Y, K219n) (30). 

Sequence analysis of HIV-1 strains. A 1.3-kb fragment of 
cDNA encompassing HIV-1 protease and the first 300 codons 
of RT was sequenced from each cultured supernatant as de- 
scribed previously (38). Briefly, purified viral RNA (Qiagen 
Viral RNA Extraction Kits Qiagen, Chatsworth, Calif.) was 
reverse transcribed and amplified by PCR with the Super- 
script-One-Step-RT-PCR Reagent (Life Technologies, Gaith- 
ersburg, Md.) and two primers, MAW-26 and RT21 (23). A 
5-p-l aliquot of the first PCR product was used for a second- 
round nested PCR with primers PRO-1 (29) and RT20 (23). 
Approximately 70 ng of the 1.3-kb product was sequenced by 
dye-labelled dideoxyterminator cycle sequencing (Applied 
Biosystems, Foster City, Calif.). Isolate sequences were com- 
pared to both patient plasma sequences and the consensus B 
sequence from the Los Alamos HIV Sequence Database (21). 

Drug susceptibility assays. In vitro drug susceptibility assays 
were performed by a modified AIDS Clinical Trials Group- 
U.S. Department of Defense consensus method (virology man- 
ual for ACTG HIV laboratories, 1997). Peripheral blood 
mononuclear cells (PBMCs) were preinfected with titrated 
viral stocks for 4 h at 37°C in a humidified atmosphere of 5% 
C0 2 . Each microtiter plate well contained 100,000 preinfected 
PBMCs and eight serial drug dilutions in cell media of ddl, 
PMEA, PMPA, 3'-azido-3'-deoxythymidine (AZT), 2'-deoxy- 
3'-thiacytidine (3TC), or indinavir (IDV) in the presence or 
absence of 50 |xM HU. A 50 jxM concentration of HU was 
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TABLE 1. Effect of HU on antiviral activities of ddl, PMEA, and PMPA against a wild-type laboratory isolate 

and drug-resistant HIV-1 strains 



Viral strain or isolate and presence of HU 



ddl 



IC 50 (u,M) a in culture 



PMEA 



PMPA 



HIV-W 3 
Without HU 
With 50 jiM HU 



0.38 ± 0.06 
<0.05 (>8) 6 



3.1 ± 0.77 
0.37 ±0.12(8) 



1.3 ±0.02 
<0.05 (>26) 



HIV-W 
Without HU 
With 50 |xM HU 



2.3 ± 0.8 
<0.05 (>46) 



13.4 ± 1.3 
0.10 ± 0.1 (134) 



4.9 ± 0.9 
0.08 ± 0.1 (61) 



HIV-1 L74V 
Without HU 
With 50 ixM HU 



1.2 ± 0.3 
<0.05 (>24) 



4.0 ± 0.2 
0.29 ± 0.03 (14) 



1.7 ± 0.5 
<0.05 (>34) 



HIV-1 L74V M184V 

Without HU 
With 50 HU 



3.9 ± 0.06 
<0.05 (>78) 



1.6 ± 0.5 
<0.05 (>32) 



1.1 ± 0.1 
<0.05 (>22) 



HIV-1 V75I F77U F1 16Y, Q151M 

Without HU 
With 50 U.M HU 



38 ± 3.9 

1.7 ± 0.45 (22) 



8.7 ± 0.3 
1.9 ± 0.39 (5) 



6.4 ± 0.58 
0.2 ± 0.06 (32) 



HIV-1 M41U D67Ni Ml 84V, L210W, T215Y, K219N 

Without HU 
With 50 jxM HU 



3.5 ± 0.6 

0.2 ± 0.15 (18) 



5.1 ± 0.64 
1.4 ± 0.42 (4) 



2.6 ± 0.72 
0.4 ± 0.02 (7) 



a Results are expressed as the means ± standard deviations of four to six values obtained in two to three different experiments. 

b Values in parentheses are the fold decrease in IC 50 of each compound in the presence of HU. The HU-induced decrease in drug IC 50 s were statistically significant 
(P < 0.001; two tailed / test). 
c Subscripts are resistance mutations of the RT gene. 



used since it is in the range of the average steady-state HU 
concentration in serum during HIV treatment (35 to 56 jaM) 
(37). An 8:1 series of combinations of ddl and HU or PMEA 
and HU was also analyzed. The drug dilutions were chosen to 
span the 50% inhibitory concentration (IC 50 ) of each single 
drug (2, 3, 25, 26, 32). The drugs were combined in fixed 
clinically achievable ratios, based on the relative potencies of 
the drugs, by the median-effect method of analyzing drug in- 
teractions. Control wells containing cells and virus were coin- 
cubated on each plate. 

To enable assay standardization and comparison, the 50% 
tissue culture infective dose of each isolate was maintained at 
between 30 and 100. After a 7-day incubation at 37°C and in a 
humidified atmosphere of 5% C0 2 , viral growth was deter- 
mined by a p24 antigen assay with supernatants (Dupont Phar- 
maceuticals, Wilmington, Del.). The percent inhibition of viral 
growth compared to the viral growth in the control wells with- 
out drugs was calculated. Results were expressed as the mean 
IC 50 of four to six values obtained in two to three different 
experiments per isolate. 

The results for the two-drug combinations were calculated 
by using a computer program that follows the median-effect 
principle. The computer constructs a median-effect plot of log 
fraction affected/fraction unaffected against the log of the dose 
of the two separate drugs and the dose of the combination. A 
combination index (CI), which compares the amount of drug 
which gives a 50% effect when used in combination with that 
which gives a 50% effect when the drug is used alone, is cal- 
culated. A CI of <1 indicates synergy, and a CI of >1 indicates 
antagonism. However, in accordance with variation in raw 
data, CIs of between 0.8 and 1.2 were considered to represent 
additivism. 



Cytotoxicity assays. Thymidine uptake analyses were used to 
assess the effects of the drugs on cellular DNA synthesis. Phy- 
tohemagglutinin-stimulated PBMCs were plated at 100,000 
cells per well and exposed to 3.1, 12.5, and 50 jjlM concentra- 
tions of ddl, PMEA, or PMPA in the presence or absence of 
HU at concentrations of 25 to 500 jjiM. Control cells, without 
drugs, were coincubated on each plate and were used for 
comparison when measuring inhibition of cellular DNA syn- 
thesis by the drugs. The plates were incubated at 37°C for 7 
days. Sixteen hours prior to cell harvest, 50 |mCi of [ 3 H] thymi- 
dine was introduced into all wells. The cells were harvested 
onto preprinted filter paper with rinsings of water and 95% 
ethanol. After drying at 37°C, scintillant was added and the 
counts on the filters were determined with a Wallac beta 
counter (LKB Wallac, Turku, Finland). 

The presence of 50 jxM HU decreased the IC 50 s of ddl in 
vitro, which enhanced the anti-HIV activity of ddl against all 
viral strains analyzed (Table 1). The IC 50 of ddl for many 
of the ddl-resistant viral strains was reduced to less than 
the range for the wild type in the presence of HU. These 
observations are consistent with previous studies showing that 
HU at concentrations of 50 to 100 |xM increased the activity of 
ddl (11, 12). Moreover, recent clinical studies have shown 
that patients who respond to ddl and HU therapy may 
harbor ddl-resistant viral strains (7), Further in vitro anal- 
ysis found that these resistant strains are phenotypically 
sensitive to inhibition by ddl and HU (19). Similar to ddl, 
the IC 50 s of the acyclic adenosine derivatives PMEA and 
PMPA were decreased by the presence of 50 u,M HU for all 
viruses analyzed, including five drug-resistant strains: 

HTVk65R» HTV L74v , HIV L74V M1 84vi fflVv75I, F77L, F116Y, Q151IVh 

and HIV M41U 

D67N, M184V, L210W, T215Y, K219N" 
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TABLE 2. Antiviral susceptibilities of a laboratory HIV-1 isolate 
and drug-resistant isolates to two-drug combinations 



Isolate and drug 



IC 50 (pM)" 



ddl 



PMEA 



HU 



HIV-W 3 

Single drugs 0.38 3.1 89 

ddl-HU (1:8) 0.24 2.0 

PMEA-HU (1:8) 1.3 10 

HIV-1 V75 , py-ji^ F116Y, Q151M & 

Single drugs 38 8.7 83 

ddl-HU (1:8) 5.1 41 

PMEA-HU (1:8) 3.0 24 

HIV-l M41Li D67N, M184V, L210W, T215Y, K219N 

Single drugs 3.5 5.1 76 

ddl-HU (1:8) 1.2 9.7 

PMEA-HU (1:8) 1.9 15 

" All experiments were performed at least twice. The variations in the raw data 
were <20%. 

b Subscripts are resistance mutations of the RT gene. 



2n 



1.5 



e 

o 
U 



0.5- 




~@ — CD 0 — Q — 0- 



— 1 1 1 1 1 

0.2 0.4 0.6 0.8 1 



Fractional Inhibition 



The HU-induced reductions in IC 50 s of ddl, PMEA, and 
PMPA for the wild- type isolate were from 8- to > 26-fold 
(Table 1), whereas in parallel experiments the reduction in 
IC 50 s of AZT, 3TC, and IDV for the wild type were between 2- 
and 5-fold (data not shown). The HU-induced fold decrease in 
IC 50 s of these drugs for the wild-type strain could be ranked as 
PMPA > ddl > PMEA > AZT > 3TC > IDV. The differ- 
ences of these drug IC 50 s may be attributed to the effects of 
HU, a known inhibitor of ribonucleotide reductase, upon in- 
tracellular nucleotide pools (4, 10-12, 24). Cells exposed to 
HU experience a severe loss in dATP pools. After 5 days of 
continuous exposure to HU, the levels of dATP pools remain 
lower than those in control cells not exposed to HU (11). In 
contrast, studies show that natural dTTP and dCTP pools and 
the thymidine and deoxycytidine phosphorylating enzymes are 
elevated in cells exposed to HU (4, 10-12, 24). Consequently, 
in HU-treated cells, the ratio of phosphorylated adenosine 
analogs (ddATP, PMEA diphosphosphate, or PMPA diphos- 
phate) to natural dATP may be substantially higher than the 
ratios of AZT-triphosphate/dTTP or 3TC-triphosphate/dCTP. 
The shift of the phosphorylated adenosine analogs/dATP ratio 
favors the binding of the analog to RT and is the probable 
cause of the more pronounced effect of HU on the anti-HIV 
activities of the adenosine analogs (ddl, PMEA, and PMPA) 
versus AZT and 3TC. The anti-HIV activity of IDV is inde- 
pendent of intracellular nucleotide levels, which may explain 
the limited effect of HU upon the activity of this protease 
inhibitor. Furthermore, HU at a concentration of 50 jxM was 
found to inhibit viral growth by approximately 30%, or 0.3- 
fold; therefore, the fold decreases in drug IC 50 s were not overly 
influenced by the inherent anti-HIV activity of HU. 

The HU-induced decreases in drug IC 50 s were greatest for 
the HIV K65R , HIV L74V , and HIV L74V M184V recombinant iso- 
lates (Table 1). Recent studies have shown that the specific 
activity is diminished for mutant RT enzymes containing ddl- 
resistant mutations including enzymes with K65R or L74V 
mutations (20, 31). The combination of reduced specific activ- 
ity and HU-induced reduction in cellular nucleotide pools may 
cause the increased susceptibilities of these recombinants to 
inhibition by antiretroviral drugs in the presence of HU. 

The IC 50 s of HU remained relatively constant (approximate- 
ly 83 yM) for wild-type and resistant viral strains. These ob- 
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Fractional Inhibition 

FIG. 1. Inhibition of HIV-1 isolates, a wild-type strain (HIV NL4 . 3 [□]) 
and two drug-resistant strains (HIV V75 i , F 77L, fii6y, qisim [*] an ^ 
HI V M41U D67Ni Ml84V . L2iow, T215Y, K219N by the combinations ddl-HU (A) 
and PMEA-HU (B). The variations in the raw data were <20%. 



servations suggest that the RT gene mutations of the viral 
strains in this study have little effect on the inherent anti-HIV 
activity of HU (Table 2). 

At clinically achievable concentrations, the combinations 
ddl-HU (1:8) and PMEA-HU (1:8) synergistically inhibited 
the two drug-resistant viral strains tested, whereas the combi- 
nation of ddl-HU synergistically inhibited the wild-type isolate 
at high concentrations of drug (Fig. 1). The mechanism for the 
synergistic interactions is unknown and may reflect the differ- 
ent modes of action of HU (decreasing cellular nucleotides) 
and the nucleoside and nucleotide analogs (RT inhibition) (16, 
33). 

Analysis of thymidine uptake assay results revealed a reduc- 
tion in cellular DNA synthesis in the presence of HU (Table 
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TABLE 3. Effects of ddl, PMEA, and PMPA on the thymidine uptake of PHA-stimulated PMBCs 

designated concentrations 


in the presence or absence HU at 


Drug and drug 






Counts per minute (10 4 ) 






concn (u-M) 


OHU 


25 u-M HU 


50 ijlM HU 


100 u,M HU 


500 |iM HU 


ddl 

0 

3.1 

12.5 

50 


1.2 ± 0.1 

1.3 ± 0.07 
1.1 ±0.1 
0.9 ± 0.1 


1.0 ± 0.08 
0.9 ± 0.1 
0.9 ± 0.08 
0.8 ± 0.009 


0.86 ± 0.07 
0.9 ± 0.03 
0.9 ± 0.1 
0.8 ± 0.09 


0.68 ± 0.03 
0.5 ± 0.04 
0.5 ± 0.1 
0.5 ± 0.05 


0.04 ± 0.006 
0.03 ± 0.006 
0.03 ± 0.007 
0.03 ± 0.006 


PMEA 
0 

3.1 

12.5 

50 












1.0 ± 0.1 
0.9 ± 0.09 
0.5 ± 0.03 


1.0 ± 0.06 
0.8 ± 0.03 
0.5 ± 0.06 


0.6 ± 0.06 
0.6 ± 0.04 
0.5 ± 0.04 


0.4 ± 0.02 
0.4 ± 0.04 
0.2 ± 0.01 


0.04 ± 0.006 
0.03 ± 0.003 
0.03 ± 0.005 


PMPA 
0 

3.1 

12.5 

50 












1.2 ± 0.2 
1.2 ± 0.2 
1.1 ± 0.1 


1.0 ± 0.05 
0.9 ± 0.06 
0.9 ± 0.1 


0.8 ± 0.02 
0.8 ± 0.1 
0.8 ± 0.02 


0.5 ± 0.06 
0.5 ±0.1 
0.5 ± 0.03 


0.04 ± 0.003 
0.04 ± 0.003 
0.04 ± 0.005 



3). Although the measurements of thymidine uptake may be 
affected by the HU-induced increase in intracellular dTTP 
pools and the extended half-life of these pools in the presence 
of HU, this observation suggests that HU has a cytostatic effect 
on cells (4, 22). 

In conclusion, the presence of HU at low, clinically tolerated 
concentrations enhances the anti-HIV activities of ddl, 
PMEA, and PMPA. This HU-induced increase in the activi- 
ties of ddl, PMEA, and PMPA against HIV is also observed 
in clinical isolates that are resistant to one or more of 
these compounds. The two-drug combinations ddl-HU and 
PMEA-HU synergistically inhibited drug-resistant viral strains. 
This study provides evidence that supports the need for clinical 
trials with HU (i) in combination with ddl against ddl-resistant 
patient isolates and (ii) in combination with two recently de- 
veloped adenosine analogs, PMEA and PMPA. Moreover, the 
strategy of combining highly specific HIV inhibitors with rela- 
tively nonspecific inhibitors is an approach to drug resistance 
that should be tested clinically. 

We thank Gilead Sciences, Foster City, Calif., for the kind gifts of 
PMEA and PMPA. We especially thank Darcy Levee and Kristi 
Cooley for excellent technical assistance. 
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